Spray and combustion submodels used in a Computational Fluid Dynamics (CFD) code, KIVA-CHEMKIN, were validated for Low Temperature Combustion (LTC) in a diesel engine by comparing measured and model predicted fuel spray penetrations, and in-cylinder distributions of OH and soot. The conditions considered were long ignition delay, early and late fuel injection cases. It was found that use of a grid independent spray model, called the GASJET model, with an improved n-heptane chemistry mechanism can well predict the heat release rate, not only of the main combustion stage, but also of the cool flame stage. Additionally, the GASJET model appropriately predicts the distributions of OH and soot in the cylinder even when the resolution of the computational mesh is decreased by half, which significantly reduces the required computational time.
position along x-axis y position along y-axis z position along z-axis
INTRODUCTION
Air pollution has been a major concern all over the world for many years as noxious gases have caused health and environmental problems. The transportation system consisting of cars and trucks is a major source of pollutant emissions. Many governments have responded by issuing Internal Combustion (IC) engine emission control regulations. In response, the engine research community has been investigating methods to meet the regulations with advanced ideas and technology breakthroughs. In addition, there is heightened concern about fuel economy for energy security considerations, and for the reduction of CO 2 emissions, which are implicated in global warming. Although diesel engines are still promising IC engines in terms of their fuel economy, the emission regulations for diesels tend to be stricter because their exhaust gas has more Particular Matter (PM), which is considered to be a cancer-causing agent, and toxic nitrogen oxides (NO x ) than gasoline engines.
To overcome the pollutant emissions problem, a number of new diesel engine operating concepts have been developed and tested. Most concepts are based on creating premixed combustion, which can reduce PM emissions, and Low Temperature Combustion (LTC), which can reduce NO x emissions. Since the combustion phenomena of these concepts are quite different from conventional diesel diffusion controlled combustion, an understanding of their combustion and emissions production processes are important for continued progress.
Computational analysis can contribute to improved understanding of combustion, and various advanced computational models have been developed for engine analysis. Three-dimensional Computational Fluid Dynamics (CFD) codes, such as KIVA are in wide use for engine combustion analysis. A strength of computational models is that they enable researchers to analyze information which cannot be obtained from experiments, and this reduces the time and cost of developing new engine concepts.
Corresponding to the increase in computational power, for improved fidelity, CFD codes are being used on finer meshes to describe a single engine cycle. However, with the integration of optimization tools with CFD codes, an optimized solution is still computationally expensive since many trials are needed due to the multitude of parameters that control the process. To reduce the computational cost, CFD solutions using coarser meshes are therefore highly desirable. The interest of the present study is validation of a grid independent spray model and improvement of a detailed fuel chemistry mechanism for diesel LTC conditions.
EXPERIMENTAL SETUP
The engine used for the experiments that were modeled was a single-cylinder, Direct-Injection (DI), 4-stroke diesel engine at the Sandia National Laboratory based on a Cummins N-series production engine. Specifications of the engine are presented in Table 1 . To provide optical access into the combustion chamber, the engine is equipped with an extended piston and a flat piston-crown window made of quartz, and it could be run for only a short period of time (typically less than 15 minutes) by employing skip firing (firing only once out of ten cycles because of thermal management issues). A complete description of the engine is available in Espey and Dec [1] , Dec [2] , Musculus [3] and Singh [4] .
Visualization of fuel spray and combustion phenomena using laser-based techniques was conducted by Singh [4] . Figure 1 shows the laser sheets and camera views of the optical engine with two different Nd:YAG laser systems, 284-nm and 532-nm laser beams. Both beams were converted into thin sheets less than 1 mm thick using a combination of cylindrical and spherical lenses. The two sheets were overlapped and directed into the cylinder at a slope of 14 degree from the horizontal in order to be parallel into the nominal axis of the fuel jets in-line with the cylinder-wall and piston bowl-rim windows. The 532-nm laser sheet was used for Liquid-fuel Length (LL) and Planar Laser Induced Incandescence of Soot (Soot-PLII), and the 284-nm laser sheet was used for Planar Laser Induced Fluorescence of OH (OH-PLIF) and fuel (Fuel-PLIF). More details of the measurement systems are provided by Singh [4] . OH-PLIF images were taken at two different wavelengths: online, 284-nm; offline, 283.9-nm. A strong contrast between online and offline images indicates that the fluorescence is dominated by OH. In Section 4, the online OH-PLIF images which had a strong contrast between online and offline images were selected to compare with the model predicted OH structure. Singh [4] considered several combustion strategies, as shown in Table 2 . The first condition in Table 2 , denoted as Long Ignition Delay (Long-ID), is characterized as "high-temperature" because the charge gas is air (21 % percent oxygen by volume), and the resulting stoichiometric flame temperature is relatively high. For the Long-ID case, the intake temperature was decreased to yield a longer ID. The other two cases have relatively "low-temperature" conditions. In these cases, the oxygen volume fraction was reduced to 12.7% by nitrogen dilution. Because of the nitrogen dilution, the stoichiometric flame temperatures for the two "low-temperature" conditions are much lower than the "high-temperature" case. Two different injection strategies were selected for the low-temperature operating conditions: early injection, and late injection. The late injection condition is similar to the MK combustion operating condition suggested by Kimura et al. [5, 6] although the swirl ratio (0.5) is not as high as in typical MK combustion conditions (3 or more). 
MODEL DESCRIPTION
A CFD code, KIVA-CHEMKIN, was used to predict diesel spray and combustion. Two computational 45 degree sector meshes which feature different grid sizes, the fine and middle size meshes shown in Figure 2 , were used. The average size of a cell of the fine mesh is approximately 1.25 mm, and 2.5 mm for the coarse mesh. Sector meshes were used considering the 8-hole injector spray nozzle for computational efficiency. The constants for the Kelvin-Helmholtz and Rayleigh-Taylor (KH-RT) spray breakup model [7, 8] and the parameters of the grid independent spray model, the GASJET model [9] , used in this study are listed in Table 3 together with the soot model parameters of the two-step soot model [10] . The details of the constants and parameters of the spray models and fuel chemistry mechanism are presented in the following sections.
n-heptane combustion chemistry mechanism
In this study, improvement of the parameters in an existing n-heptane mechanism [11] was conducted. The main reason for changing the parameters was due to the requirement to adjust the heating value of the diesel fuel. The ERC v2 n-heptane mechanism was 288 Validation of a grid independent spray model and fuel chemistry mechanism for low temperature diesel combustion validated using constant-volume ignition delay data and engine combustion experiments [11] and it has been proven that this reduced n-heptane mechanisms is a suitable model for diesel combustion simulations. However, the physical properties, such as molecular weight and viscosity, of heavier hydrocarbons (e.g., dodecane, tetradecane, hexadecane, etc.) are more similar to diesel fuel, so that the combination of the n-heptane reaction mechanism with heavier hydrocarbon physical properties could provide better results as a surrogate for diesel fuel. Table 4 shows the expected Lower Heating Value (LHV) of two combinations of the physical properties with the n-heptane mechanism using the values in the fuel library in the KIVA code. The actual diesel #2 fuel used in the experiments had a LHV of approximately 43 MJ/kg, which is about 5% lower than the LHV of n-heptane and tetradecane fuels, which are often used for KIVA-CHEMKIN simulations of diesel fuel. This 5 % higher LHV of the modeled fuel also can be seen in simulations using n-heptane reactions with n-heptane physical properties. One of the methods to match the LHV of the model fuel to that of the actual fuel is to adjust the heat of formation of the fuel. To reduce LHV 5%, using a combination of n-heptane and tetradecane, the heat of formation of tetradecane was changed from −61.02 to −168.8 kcal/mol so as to obtain model fuel LHV = 43 MJ/kg.
The adjustment of the heat of formation required modification of the n-heptane reaction mechanism. In the reaction mechanism, the fuel decomposition controls first stage combustion, including cool flame combustion, and the heat generated in this process plays an important role to determine the cool flame temperature, which triggers the main combustion event which follows. Since modification of the heat of formation of the fuel leads to higher heat absorption during the fuel decomposition, modification of the reaction coefficient in the n-heptane mechanism is needed for reactions related to the cool flame combustion and the start of the consequent main combustion. Thus, the pre-exponential factors were changed as shown in Table 5 . The first reaction in Table 5 determines the cool flame temperature. The second and third reactions control the timing of the start of the cool flame, and the last two reactions decide the start timing of the main combustion. Basically, the larger the pre-exponential factor, the the earlier combustion occurs, except for reaction No. 31 where a lower pre-exponential value for this reaction leads to earlier main combustion.
Grid independent spray model
The spray jet breakup process along with the turbulent dispersion of droplets is modeled using the Lagrangian-Drop and Eulerian-Fluid (LDEF) methodology in current CFD codes such as KIVA-3V [12] . Spray models describes the physics of the atomization of the injected liquid. Linear theories associated with jet atomization have been investigated for over a century. Reitz and Bracco [13] proposed a general dispersion equation for an axi-symmetric liquid jet, which for low speed jets in the absence of viscosity provides Rayleigh's classical result. Patterson [7] extended the jet disturbance analysis to model the break up of a high speed liquid jet and included the effects of the primary atomization of droplets, which is the process where the droplets emerging from nozzle are subjected to breakup due to Kelvin-Helmholtz instabilities. These instabilities lead to the formation of waves at the surface of the jet, and the largest amplitude wave is postulated to be broken up from the core of the jet. This breakup mechanism is called Kelvin-Helmholtz (KH) break up, and the model is referred to as the "wave" break up model. Secondary atomization of the atomized droplets is due to Rayleigh-Taylor (RT) instabilities [7] . In this case, droplets formed from the primary atomization process are subject to drag forces due to the resistance offered by the surrounding gas. The drag force is the primary cause of the Rayleigh-Taylor instability and leads to secondary breakup.
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Validation of a grid independent spray model and fuel chemistry mechanism for low temperature diesel combustion Table 5 : Improved pre-exponential factors of n-heptane mechanism.
Pre-exponential factor of ERC v2 n-heptane chemistry mechanism In the model, the breakup of a liquid droplet in a gaseous environment is assumed to be caused by shear flow induced KH waves and drag-deceleration induced waves. Liquid breakup was modeled by postulating that new drops are formed from a parent drop as (1) where r c is the radius of the new droplet, B 0 is a constant (see Table 3 ), and Λ is the wavelength corresponding to the frequency of the fastest growing Kelvin-Helmholtz wave, Ω. The growth rate and wavelength parameters Ω and Λ are given by
where r is the radius of a parent drop, is the Weber number for the gas, is the Ohnesorge number, and is the Taylor number. u r is the magnitude of the relative velocity, We l is the liquid Weber number, is the liquid Reynolds number, and µ l is the viscosity of the liquid. σ is the surface tension, τ is the break up time, and B 1 the constant assumed to be related to initial disturbance level originated within the injection nozzle.
Rayleigh-Taylor (RT) instabilities also plays an important role on droplet breakup. The analytical fastest growing frequency, Ω t , and the corresponding wave number, K, are presented by Bellman and Pennington (1954) as:
where g t is the acceleration in the direction of travel. The wavelength of the fastest wave growth rate is . The wave growth is tracked with time and is compared to the breakup time, defined as: .
.
If RT waves grow for a time greater equal to the breakup time, the drop is assumed to breakup. The radius of the new drop is evaluated as: (9) where C τ and C rt are adjustable constants on the model (see Table 3 ).
With the recent increase in computational power, CFD codes are being used on finer meshes for improved fidelity. However, to reduce computational cost, CFD solutions using coarser meshes are also desirable. Thus, it is of interest to formulate spray models that give accurate predictions independently of the numerical mesh. Similar considerations are also needed for the consistency of spray model predictions with different numerical time-steps.
Abani et al. [9] identified two sources of grid dependency in the droplet and gas phase momentum equations. If the mesh is coarse enough, the transferred momentum is damped due to the fact that the external force is distributed over a larger volume than the actual volume of influence. This, in turn, affects the prediction of the droplet velocity as both the relative drop-gas velocity and the drag force are over-predicted. This results in under prediction of the spray tip penetration. Similarly, if the volume of a computational cell is smaller than the actual volume of influence, then the relative velocity and the drag force is under-predicted. This results in over-penetration of the spray tip. Thus, it becomes essential to predict the droplet-gas relative velocity accurately so as to accurately predict the momentum exchange between the two phases.
The two-phase spray flow includes the motion of the group of droplets, which forms the liquid phase, and the movement of the entrained air, which forms the gas phase, as shown in Figure 3 . The concept of the grid independent spray model is that the air entrained into the spray is like a gas jet released from the nozzle with the same effective nozzle diameter as that of the liquid spray and having the same momentum, and the gas phase flow is represented by classical jet theory [9] . To improve the prediction of the axial spray penetration, the axial drop-gas relative velocity components of the droplet motion are corrected according to the jet theory by assuming that the air entrainment occurs as a gaseous jet, and the droplet axial momentum equation is expressed as [9] : (10) where V is the droplet velocity vector and U is the surrounding gas phase mean velocity vector. The drag coefficient C D is assumed to be a function of the droplet Reynolds number. U is given as U={U x , U y , U gas }. U x and U y are the perpendicular components of the surrounding gas phase velocity calculated in the CFD code, and where the axial components, considered as the x -direction here, are given by gas-jet theory [14, 9] as:
where U inj is assumed to be the injection velocity of the liquid-jet, which is also assumed to be the injection velocity of the gas-jet itself. x is the axial distance of the droplet parcel from the injector tip, and r is the radial distance of the parcel from the spray symmetry axis. Thus, the relative velocity between the droplets and the gas phase in the nearnozzle region at the jet centerline is zero. d eq is the effective diameter of the gas jet, and v t is the turbulent viscosity for jets given with the constants C t and entrainment constant Z ent (see Table 3 ). The droplet-gas relative velocity is modeled in this way except in the spray break-up (KH-RT) model. This is because if the relative velocity is very low near the nozzle, then the predicted break-up will be slow resulting in relatively large droplet size. Thus, for the drop-gas relative velocity calculations during break-up, as a first approximation the gas phase velocity is obtained from the conventional CFD prediction. This is also justified by the fact that the gas-jet theory is based on a quasi-steady assumption. The velocity given by Eq. (11) only applies after some distance downstream of the nozzle exit. Since there is no simple way to evaluate what fraction of the quasi-steady state velocity causes break-up, the surrounding gas velocity from the CFD mesh is used to represent the external gas velocity in the jet break-up process. More details of these coefficients and equations are provided by Abani et al. [9] , and discussion of the case of unsteady injection profiles is given by Abani and Reitz [15] . . ;
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RESULTS AND DISCUSSION
In the following Sections, visualized fuel spray and combustion phenomena of the experiments and the model predictions are compared to provide an overall validation of the grid independent spray model and the modified n-heptane chemical reactions for the three operating conditions, Long-ID, Early-injection, and Late-injection. Comparison is conducted with the KIVA-CHEMKIN code with the fine and middle size meshes, and the KIVA-CHEMKIN-GASJET code with the middle size mesh, as shown in Table 5 . Figure 4 presents comparisons of the pressure and Apparent Heat Release Rate (AHRR) as a function of crank angle for the Long-ID case. It can be seen that the KIVA-CHEMKIN-GASJET case which employed the improved n-heptane reaction mechanism has an ignition delay close to the experiment while the KIVA-CHEMKIN cases have earlier ignition. Additionally, the peak pressure predicted by KIVA-CHEMKIN-GASJET is similar to the experimental data. using the medium mesh with the KIVA-CHEMKIN. The additional time needed to run the KIVA-CHEMKIN with the GASJET model is negligible. Further details are discussed by Abani et al. [9] . Figure 5 shows a comparison of the experimental and model-predicted liquid fuel and vapor fuel penetration along the plane of the fuel jet axis. The left column shows the experimental images; the second column from the left shows the model predicted images with KIVA-CHEMKIN-GASJET with the improved n-heptane mechanism and The fuel liquid and vapor penetration is seen to be well predicted by all model prediction cases. However, the fuel penetration predicted by KIVA-CHEMKIN with the middle size mesh presented in the right column shows a relatively short penetration length compared to the others at 3 CAD ATDC. This is likely because of the relatively early start of the premixed combustion in this condition with the use of the middle size mesh and the modified n-heptane chemical reaction mechanism. Figure 6 shows quantitative comparisons of fuel liquid and vapor penetrations between the experiment and the models. The bottom plot is liquid fuel penetration length and the top is the vapor fuel penetration. The experimental penetrations are quantified as the farthest downstream distance that either elastic-scattering or a fluorescence signal is detected, using an appropriate intensity threshold [16, 17] . The model predicted liquid fuel penetration length is defined as the distance from the injector to the liquid fuel parcel for which 95% mass of the total liquid fuel exists between its location and the injector. The vapor fuel penetration of the model is sampled as the distance from the injector tip to the farthest spot in the piston bowl using a 5% threshold criterion of the maximum vapor fuel concentration in the computational field. Before about 2 CAD ATDC, categorized as the ignition delay period prior to the premixed combustion, the liquid fuel penetration length predicted by KIVA-CHEMKIN using the middle size mesh is shorter than the prediction obtained using the fine mesh, although the predicted length is still in the range of variation of the experimental data. However, employment of the GASJET model recovers the short penetration length of the liquid fuel in the ignition delay stage, which is closer to the prediction with the fine mesh. In the ignition delay stage, the predicted vapor fuel penetration obtained with the GASJET model is larger than that obtained by the no-GASJET model. The sudden drop of vapor penetration in the top plot corresponds to the start of the premixed combustion, and the GASJET model predicts better residence time of fuel vapor in comparison to the experimental data up to 5 CAD ATDC, while the other two cases had relatively earlier start of premixed combustion than the experiment. The retarded start of premixed combustion of KIVA-CHEMKIN-GASJET is because of the improved n-heptane chemical reaction mechanism in which the parameters were adjusted to retard the cool flame stage of combustion compared to the modified n-heptane mechanism used in the other cases.
High-temperature, long-ignition delay (high-T, long-ID) condition
In spite of the better agreement of vapor penetration and the start of premixed combustion, the GASJET model and the improved n-heptane mechanism over-predicts liquid fuel penetration after 2 CAD ATDC. On the other hand, the other model predictions show good agreement with the experimental liquid fuel penetration length. This is explained by the behavior of the n-heptane mechanisms under high temperature premixed conditions. The experimental Apparent Heat Release Rate (AHRR) of the Long-ID condition drops to negative values after TDC, although the model predicted AHRR never becomes negative. It is likely that the model fuel in the high temperature and premixed condition does not stay in-cylinder long in the vaporized state once it changes phase from liquid. Consequently, due to the immediate transition from vapor to the combustion stage the negative AHRR does not appear in the model prediction. The close association between the end of the liquid fuel penetration curve and the drop of the vapor fuel penetration curve also suggest this. Figure 7 presents the location of liquid fuel and high temperature sites in the piston bowl. The left column shows the blue-colored liquid fuel LMS and green-colored ignition chemiluminescence. The other columns show the blue-colored model predicted liquid fuel concentration and green-colored high temperature regions. As seen in Figure 5 the liquid fuel penetration length in the KIVA-CHEMKIN-GASJET prediction was longer than that in the experimental images. Weak chemiluminescence due to ignition was first observed in the experiment at 1 CAD ATDC, and it slightly developed with time even in the period of negative AHRR. Prior to 2 CAD ATDC, the appearance of the high temperature images predicted by the model using the modified n-heptane mechanism agrees well with the experimental images. However, the advanced start of premixed combustion develops in the high temperature ignition region, and the high temperature region spreads across the piston bowl after 2 CAD ATDC. The KIVA-CHEMKIN-GASJET prediction at 3 CAD ATDC shows better agreement with the experimental images because of the retarded start of premixed combustion obtained with the improved n-heptane mechanism, while the other models with the modified n-heptane mechanism predict more developed high temperature sites due to the relatively earlier start of premixed combustion. This figure also suggests that the fuel vapor in the model did not remain for long with both n-heptane mechanisms under the high temperature, premixed condition, unlike the long residence of weak ignition chemiluminescence observed by the experiment.
The red and green sites in Figure 8 represent the in-cylinder distributions of soot and OH. The experimental soot images were obtained by soot luminosity and OH images by OH-PLIF and are presented in the left column. The soot and OH images of the model predictions, which are shown in the other columns, were visualized using the concentrations of the species. The 2-step soot model was employed for the model prediction. The structures of soot and OH are reasonably well predicted by the fine mesh and KIVA-CHEMKIN-GASJET cases. For instance, the fact that the soot structure split into two sites is well captured at 14 ATDC. The middle size mesh without the GASJET model predicted a more spherical soot and OH structure through the entire interval. This is likely due to the lower penetration of the fuel spray because of the mesh dependency. The improved n-heptane mechanism contributed to the improved cool flame timing and the start of combustion. The other improvements, including the better predicted fuel spray, OH and soot structures are due to the implementation of the GASJET model. Therefore, the predicted pressure curve and OH/soot structure obtained using the combination of the GASJET model and the improved n-heptane chemistry mechanism provided the closest match to the experimental data in the three model-predicted cases.
Figure 7:
Left Column: experimentally observed simultaneous LMS (blue) and natural emission (green); Right columns: model predicted liquid-fuel (red circles and blue color) and local gas temperature (green) in the plane of the jet axis for the Long-ID case. Figure 9 presents comparisons of pressure and AHRR with KIVA-CHEMKIN with the fine or middle size mesh and KIVA-CHEMKIN-GASJET with middle size mesh for the Early-Inj. case. All model predicted cases show good agreement with the experimental data. The KIVA-CHEMKIN-GASJET with the improved n-heptane reaction mechanism especially predicted well matched peak pressure, pressure trace, peak AHHR, and AHRR during the cool flame stage compared to the experimental data. Figure 10 presents a comparison of the experimental and the model-predicted liquid fuel and vapor fuel penetration along the plane of the fuel jet axis. The figures in this section have the same structure as the figures in previous section. The same tendency as for the Long-ID case is seen in that the shorted fuel penetration when using the middle size mesh is improved with the use of the GASJET model. This is quantitatively seen in Figure 11 more obviously, which compares fuel liquid and vapor penetrations. The vapor fuel penetration slow down with the middle mesh is removed with the GASJET model, but it over-predicts the results using the fine mesh. Although the same KH-RT constants for the GASJET model were used for all combustion strategies in the validation, further optimization of the constants for each strategy could give better results with the GASJET model. The liquid fuel penetration of the GASJET model in Figure 11 has good agreement with the experimental data, as does the predicted result using the fine mesh before −18 CAD ATDC. Similar good agreement is seen even after −18 CAD ATDC with the measured liquid penetration length. 
Low-temperature, early-injection (low-T, early-Inj.) condition

Figure 9:
Measured and predicted cylinder pressure and AHRR for Early-Inj. condition. Figure 12 presents the location of liquid fuel and high temperature sites in the piston bowl. A high temperature spot first appears in the middle of the radius of the piston bowl and then spreads downstream of the fuel jet, elevating the temperature for all cases. Because of the improved n-heptane mechanism which tends to retard the combustion event, the results obtained using the GASJET model show much lower temperatures than the results with the other models. Figure 13 shows the measured and predicted soot and OH structure during the combustion process. In the Early-Injection condition, the middle size mesh without use of the GASJET model has a totally different soot and OH structure compared to the experiment and the model Validation of a grid independent spray model and fuel chemistry mechanism for low temperature diesel combustion Figure 10 : Experimentally observed LMS (blue) and BB-PLIF (green) and model predicted liquid-fuel (red circles and blue color) and vapor-fuel mass fraction (green) in the plane of the jet axis for the Early-Injection case.
prediction using the fine mesh. In particular, soot was observed to exist up to the middle of the bowl radius in the results of the middle mesh without the GASJET model. However, the use of the GASJET model helped the fuel spray to penetrate more and the GASJET model predicts similar soot and OH structures as those Figure 11 : Experimentally observed and model predicted liquid length (LL), vapor penetration (VP), mass rate of injection profile, and in-cylinder liquidfuel fraction for Early-Injection case.
obtained using the fine mesh. Although the OH region extends back to the injector tip along the jet axis in the experiment, such a high OH concentration region was not predicted by any of the models. Figure 14 presents comparisons of pressure and AHRR for KIVA-CHEMKIN with the fine or middle size mesh and KIVA-CHEMKIN-GASJET with the middle size mesh for 304 Validation of a grid independent spray model and fuel chemistry mechanism for low temperature diesel combustion the Late-Inj. case. The pressure curve obtained by the KIVA-CHEMKIN-GASJET case shows good agreement with the experiment, reproducing the proper ignition delay and cool flame AHRR while the KIVA-CHEMKIN cases show much earlier ignition delays than the experiment. However, the peak AHRR of the KIVA-CHEMKIN-GASJET case is lowest among the predicted results. Figure 15 compares experimental and predicted liquid fuel and vapor fuel penetration in the plane of the fuel jet axis. In the Late-Injection case, the effect of the improvement of the prediction of the fuel penetration length by the GASJET model is smaller than in the other cases, viz., the Long-ID and Early-Injection conditions. Figure 16 presents the measured and predicted liquid and vapor fuel penetration length. The measured and predicted penetrations agree well, although the middle size mesh without use of the GASJET model has a shorter penetration length. As for the liquid penetration, the model with the modified n-heptane mechanism predicted a decrease in penetration immediately around 3 CAD ATDC where the second stage combustion starts for these two cases. The improved n-heptane chemical reaction model case maintains the liquid penetration length even after 3 CAD ATDC as in the experimental data. This results from the retarded start of second stage combustion. Figure 17 shows the liquid fuel and high temperature sites in the piston bowl. In terms of the location of the high temperature sites, the GASJET model with the middle size mesh predicted a smaller region than the other models due to the retarded combustion with the improved n-heptane mechanism. In the experimental image at 8
Low-temperature, late-injection (low-T, late-Inj.) condition
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Validation of a grid independent spray model and fuel chemistry mechanism for low temperature diesel combustion CAD ATDC, the ignition chemluminescence already reaches the side edge of the piston bowl and the prediction by the model with the fine mesh and the modified n-heptane mechanism has a similar structure. However, as seen in the AHHR curve of the model prediction with the modified n-heptane mechanism, at 8 CAD ATDC the second stage combustion starts, while the experimental start of second combustion seems to be at about 10 CAD ATDC. The measured images in Figure 17 show details of the cool flame combustion stage. The magnitude of the measured chemiluminescence and the image in Figure 17 do not correspond very well to the model predicted high temperature sites. Liquid-fuel mass (Chemkin-gasjet) Figure 16 : Experimentally observed and model predicted liquid length (LL), vapor penetration (VP), mass rate of injection profile, and in-cylinder liquidfuel fraction for Late-Injection case. Figure 18 presents the measured and model predicted soot and OH in the piston bowl. The soot and OH structure predicted by the middle mesh without the GASJET model are very similar to the results predicted by the same model in the Early-Injection condition, and the structure is significantly different from the measured one. The GASJET model predicts more penetration with the middle mesh and the structure of the soot and OH regions are closer to those of the experimental data and the model using the fine mesh. 
CONCLUSIONS
Validation of a new gasjet-based spray model, which is less grid dependent than standard spray models was performed using the CFD code, KIVA-CHEMKIN. The simulation employed an improved n-heptane detailed chemistry mechanism for modeling high and low temperature diesel combustion. It was found that the KIVA-CHEMKIN-GASJET code with the improved n-heptane reaction mechanism improved the prediction of ignition delay for all cases, reproducing the cool flame heat release adequately. From comparisons of the measured and model predicted fuel spray penetration, high temperature region location, and OH-soot concentration distributions in the cylinder, it was found that 1. For the Long-Ignition Delay case, use of the GASJET model with a relatively coarse numerical mesh (middle size mesh) helps to increase the penetration length of liquid fuel in the ignition delay stage, which is closer to the prediction with the fine mesh. In spite of the better agreement of vapor penetration and the start of premixed combustion, the GASJET model with the improved n-heptane mechanism over-predicts liquid fuel penetration after 2 CAD ATDC. However, the structures of soot and OH are reasonably well predicted by the fine mesh and the coarse mesh KIVA-CHEMKIN-GASJET cases, while the use of the middle size mesh without the GASJET model predicted unrealistic spherical soot and OH structures through the entire interval. 2. For the Early-Injection Case, the too-short fuel penetration obtained when using the middle size mesh is also remedied by use of the GASJET model. The liquid fuel penetration of the GASJET model has good agreement with the experimental data, as does the model predicted result using the fine mesh before -18 CAD ATDC. Similar good agreement is seen even after -18 CAD ATDC with the measured liquid penetration length. The use of the GASJET model helped the fuel spray to penetrate more and the GASJET model predicted similar soot and OH structures to those obtained using the fine mesh and the experiments, while the middle size mesh without use of the GASJET model has a totally different soot and OH structure. 3. For the Late-Injection case, the effect of improvement of the prediction of the fuel penetration length by the GASJET model is smaller than in the other cases. The measured and predicted penetrations agree well, although the middle size mesh without use of the GASJET model has a shorter penetration length. As for the liquid penetration, the model with the modified n-heptane mechanism predicted a decrease in penetration immediately around 3 CAD ATDC where the second stage combustion starts. The soot and OH structure predicted by the middle mesh without the GASJET model is significantly different from the measured data. The GASJET model predicts more penetration with the middle mesh and the structure of the soot and OH regions are closer to those of the experiments and the model using the fine mesh.
APPENDIX
REACTIONS WITH RATE CONSTANTS IMPROVED FROM ERC V2
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